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Regulation of Postnatal Cardiomyocyte Maturation
by an RNA Splicing Regulator RBFox 1
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Cardiomyocyte maturation from neonatal to adult
stage involves complex changes in myocyte mor-
phology, proliferative capacity, metabolism, and
physiology. However, the underlying regulatory mecha-
nism remains poorly understood."? Whereas several
extrinsic factors, such as mechanical load, electrical stim-
ulation, hormones, and nutrients, have been implicated
in this process,? the intrinsic regulatory circuit governing
cardiomyocyte postnatal maturation is largely unknown.
In search of answers, we analyzed the global transcrip-
tome changes between neonatal and adult rat hearts.
Gene Ontology analysis from differentially expressed
genes revealed expected changes in cell cycle, metab-
olism, and contractility. In addition, mMRNA splicing was
among the top enriched differentially expressed gene
pathways, the functional significance of which in cardio-
myocyte maturation is unreported (Figure [A]). Among
the top cardiac enriched RNA splicing regulators, we
found Rbfox1 (RNA binding fox-1 homolog 1) showed
a negligible level of expression in neonatal rat heart but
was dramatically induced in adult rat heart® (Figure [B]).
Examination of a previously published single-cell RNA
sequencing (RNA-seq) dataset from postnatal (P1
to P14) mouse hearts* (Figure [C]) also revealed that
Rbfox1 expression was low in perinatal hearts, but highly
induced in a subpopulation of cardiomyocytes present
predominantly in P14 hearts (Figure [D], top left), which
also have the lowest expression of cell-cycle—related
genes and the highest expression of genes associ-

ated with mature cardiomyocytes (Figure [D]). Ectopic
expression of Rbfox1 in neonatal rat ventricular car-
diomyocytes resulted in enlarged cell size (Figure [E]),
elevated expression genes involved in calcium handling
(Ryr2, Atp2a2, and Pln), metabolism (Ckm), and cell—cell
coupling (Cnx43: Figure [F]), enhanced sarcomere orga-
nization (Figure [G] and [H]), and higher percentage of
binucleation (Figure [l]). However, no significant effect
on T-tubule formation was observed. In line with these
molecular and morphologic features, Rbfox1-expressing
cardiomyocytes showed more robust contraction (Figure
[J] and [K]) and better maintained intracellular calcium
transients measured by both time to peak and time to
decay under 2 Hz pacing condition (Figure [L] and [N]).
In addition, whole-field optical mapping showed sig-
nificantly reduced action potential duration in Rbfox1-
expressing neonatal rat ventricular cardiomyocytes
(Figure [O] and [P]), a characteristic feature of electro-
physiologic maturation in rodent cardiomyocytes. Rbfox1
expression also enhanced oxygen consumption in car-
diomyocytes (Figure [Q]) without affecting mitochondrial
content on the basis of mito-DNA to genomic DNA ratio
(data not shown). In human pluripotent stem cell-derived
cardiomyocytes, Rbfox1 expression was below detection.
Ectopic expression of Rbfox1 significantly increased the
expression of cardiac genes associated with maturation,
including MYH6, MYH7, SERCA2A, and CKM (Figure
[R]), and enhanced sarcomere organization (Figure [S]
and [T]). At functional level, Rbfox1-expressing human
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Figure. RBFox1 promotes rodent neonatal and human induced pluripotent stem cell-derived cardiomyocyte maturation at
molecular, morphologic, and functional levels.

A, Top BioPlanet pathway terms enriched with upregulated or downregulated differentially expressed genes (DEGs) between adult versus
neonatal rat heart on the basis of RNA sequencing (RNA-seq). B, Volcano plot showing Rbfox1 and mRNA splicing pathway genes among all the
DEGs in the RNA-seq data set from (A). DEGs cutoff, |log2FC[>0.5 and P, ;<0.05; Bonferroni correction was used to calculate (Continued)
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Figure Continued. the adjusted Pvalues. The insert bar graph shows expression of Rbfox1 measured by reverse transcription quantitative
polymerase chain reaction (n=3, with 6 to 8 hearts pooled together for each n in the fetal samples; *P<0.05; unpaired Welch t test). C,

Left, Uniform manifold approximation and projection (UMAP) distribution of single-cell RNA-seq data showing P1 to P14 postnatal mouse
cardiomyocytes (CMs) labeled by subclusters (CM1 through CMB); right, CM subcluster composition at each time point from P1 to P14. D, Violin
plot showing expression of Rbfox1, cell cycle genes (Mki67, Aurka), and cardiac genes (Pln, Myh6, Myh7) scaled across different CM subclusters.
Significance was labeled between CM5 and CM1 through CM4; statistical analysis was performed by Kruskal-Wallis test followed by Dunn
multiple comparison in R. E, Cell size comparison of Rbfox1 versus green fluorescent protein (GFP)—expressing neonatal rat ventricular myocytes
(NRVMs). ***£<0.0001; Wilcoxon rank-sum test; each dot represents 1 cell. F, mRNA levels of Ca?* handling genes in Rbfox1 versus GFP-
expressing NRVMs (n=7; *F<0.05; **F<0.01; 2-way ANOVA with Sidak multiple-comparisons test). G, Representative immunofluorescent staining
of sarcomere protein ACTN2 (a-actinin-2) in NRVMs expressing GFP (top) or Rbfox1 (bottom; scale bar=20 pm). H and I, Ratio of NRVMs with
sarcomere score=1 versus total number of NRVMs (H) and ratio of binucleated versus mononucleated cardiomyocytes (I) in NRVMs expressing
GFP or Rbfox1. Sarcomere score=1, defined as cardiomyocytes with 50% or more cell body covered with aligned ACTN2 staining. Each data
point represents the average value from an imaging field; each field contained 7 to 21 cells (H) or 20 to 40 cells (I; */~<0.01; ***A<0.0001;
unpaired Student t test; data passed normality test and variance is equal). J and K, Myocyte contraction on the basis of edge-tracing and beating
frequency from NRVMs expressing GFP or Rbfox1 under electrical pacing at 0.6 Hz. Representative contraction curve from 3 regions of interest
(ROls; J). Quantitative frequency in GFP versus the Rbfox1 group (K; ***£<0.0001; Wilcoxon rank-sum test, dots represent individual ROIs). L,
Cytosolic Ca?* transients in NRVMs expressing LacZ or Rbfox1 at a pacing frequency of 2.0 Hz measured with Fluo3-AM. M and N, Kinetics

of calcium transients: time to peak (M) and tau of decay (N). Data were summarized from 2 independent experiments (*£<0.05; **P<0.001;
unpaired Welch ttest). O, Action potential profile in LacZ (control; top) and Rbfox1-expressing NRVMs (bottom) measured by whole-field optical
imaging. FluoVolt Membrane Potential Kit was used as the action potential dye. P, Action potential duration as measured at time to 50% decay
(APD,; n=60 ROls from 3 independent sets; ***PA<0.0001; unpaired Student ¢ test; data passed normality test and variance is equal). Q, Oxygen
consumption rate (OCR) in NRVMs expressing LacZ or increasing levels of Rbfox1 after adv-Rbfox1 infection at low (5.37x10” opu/mL), medium
(1.34x108 opu/mL), and high (2.68x 108 opu/mL) titers (**F<0.001; ***F<0.0001; 5 replicates in each time point; 2-way ANOVA with Sidak
correction of multiple comparison; 2 factors were groups [LacZ, Adv-Rbfox1] and mitochondrial status [basal, oligomycin, FCCP]). R, Expression of
Ca?* handling and cardiomyocyte maturation genes in Rbfox1- versus GFP-treated human induced pluripotent stem cell~derived cardiomyocytes
(hiPSC-CMs; *R<0.05; from 3 biological repeats; unpaired Student ¢ test). S, Representative immunofluorescent image of hiPSC-CM—expressing
GFP (top) or Rbfox1 (bottom) for sarcomere protein ACTN2 (scale bar=20 um). T, Ratio of sarcomere score=1 hiPSC-CM versus total number
of cells in each image field; each field contained 5 to 25 cells (***A<0.0001; unpaired Student t test; data passed normality test and variance is
equal). U, Calcium transients in hiPSC-CM—expressing LacZ (control) or Rbfox1 (frequency=2.0 Hz). V and W, Kinetics of calcium transients:
time to peak (V) and tau of decay (W, data were summarized from 2 independent experiments; **£<0.001; ***P< 0.0001; Wilcoxon rank-sum
test). X, Top enriched Gene Ontology (GO) terms in DEGs (left) and Rbfox1-regulated and cardiomyocyte maturation—associated RNA splicing
genes between neonatal versus adult rat heart and hiPSC-CMs expressing Rbfox1 versus GFP (right). Y, Representative traces of FLECS
(fluorescently labeled elastomeric contractible surfaces) constructs under spontaneous contraction seeded with hiPSC-CM-expressing LacZ
(top) or Rbfox1 (bottom). Three individual ROls are shown. Z, Fractional shortening of FLECS constructs seeded with hiPSC-CM-expressing
Rbfox1 versus LacZ (*FR<0.05; Wilcoxon rank-sum test; each dot represents an individual patterned contraction unit; all error bars represent SD).

induced pluripotent stem cell-derived cardiomyocytes
showed sustained pacing-matched calcium transients at
2 Hz pacing frequency compared with mismatched cal-
cium transients observed in the control cells (Figure [U]).
Rbfox1-expressing myocytes showed robust calcium
cycling with shorter time to peak and time to decay (Fig-
ure [V] and [W]). Transcriptome profiling by RNA-seq fol-
lowed by Gene Ontology enrichment analysis (Figure [X],
left) showed that Rbfox1 led to differentially expressed
genes enriched in cardiac muscle contraction, sarcomere
organization, and cardiac conduction, and differential
RNA splicing in genes enriched in cardiac contraction
and sarcomere structure (Figure [X], right). Using a pat-
terned elastomeric sensor platform (FLECS [fluores-
cently labeled elastomeric contractible surfaces]®), we
directly measured contractile performance of human
induced pluripotent stem cell-derived cardiomyocytes
upon Rbfox1 expression and observed more robust con-
tractility compared with the LacZ-expressing controls
(Figure [Y] and [Z]).

Bulk RNA-seq data from rat hearts and human
induced pluripotent stem cell-derived cardiomyocytes
are publicly available at the National Center for Biotech-
nology Information Sequence Read Archive database
and can be accessed with Sequence Read Archive Bio-
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Project IDs PRINA295071 (rats) and PRUNA932451
(human induced pluripotent stem cell~derived cardio-
myocytes). The single-cell RNA-seq data were obtained
from GEO database GSE122706. Other data and
materials that support the findings of this study are
available from the corresponding author upon reason-
able request.

The following software was used: Seurat 4.0.2 for
the single-cell RNA-seq dataset, Salmon 0.8.2 for
the bulk RNA-seq data, DESEQ2 for differentially
expressed gene analysis, GeneAnalytics Suite and
Enrichr for pathway analysis, ggPlot2 v3.3.5 for volcano
plot, zCardio v1.0.8 for contraction analysis, Clampfit
11.2 for calcium analysis, SiMedia 2030 BV Analyze
for optical mapping, Imaged v1.6.3A for FLECS data,
and GraphPad Prism 8 and R package dunn.test for
statistical analysis. All the animal and human induced
pluripotent stem cell-derived cardiomyocyte studies
were approved by the institutional protocol ARC-2003-
105 and hPSCRO 2017-002-07 at the University of
California, Los Angeles.

Rbfox1-mediated mRNA splicing is part of molecular
changes during myocyte postnatal maturation. Its expres-
sion is sufficient to promote rodent neonatal and human
induced pluripotent stem cell-derived cardiomyocyte
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maturation at molecular, morphologic, and functional lev-
els. Although this is the first proof-of-concept evidence
that RNA-splicing regulation can significantly affect car-
diomyocyte maturation, the expression of RBFox1 alone
is not sufficient to mature cardiomyocytes to full adult
stage, including T-tubule formation. Nevertheless, this
study offers new insight into myocyte maturation regu-
latory network by uncovering an intrinsic post-transcrip-
tional circuit in this process. Its application in disease
modeling and cell-based therapy, as well as the underly-
ing mechanism linking RBFox1-mediated RNA splicing
and downstream maturation processes, needs further
exploration.
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